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BacteriaA novel and facile approach to prepare hybrid nanoparticle embedded polymer nanoﬁbers using pressurised gy-
ration is presented. Silver nanoparticles and nylon polymerwere used in this work. The polymer solution's phys-
ical properties, rotating speed and theworking pressure had a signiﬁcant inﬂuence on the ﬁbre diameter and the
morphology. Fibres in the range of 60–500 nmwere spun using 10wt.%, 15wt.% and 20wt.% nylon solutions and
these bead-free ﬁbres were processed under 0.2 MPa and 0.3 MPa working pressure and a rotational speed of
36,000 rpm. 1–4 wt.% of Ag was added to these nylon solutions and in the case of wt.% ﬁbres in the range
50–150 nm were prepared using the same conditions of pressurised gyration. Successful incorporation of the
Ag nanoparticles in nylon nanoﬁbres was conﬁrmed by using a combination of advanced microscopical tech-
niques and Raman spectrometrywas used to study the bonding characteristics of nylon and the Ag nanoparticles.
Inductively coupled plasma mass spectroscopy showed a substantial concentration of Ag ions in the nylon ﬁbre
matrix which is essential for producing effective antibacterial properties. Antibacterial activity of the Ag-loaded
nanoﬁbres shows higher efﬁcacy than nylon nanoﬁbres for Gram-negative Escherichia coli and Pseudomonas
aeruginosamicroorganisms, and both Ag nanoparticles and the Ag ionswere found to be the reason for enhanced
cell death in the bacterial solutions.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Hybrid nanoﬁbres are an interesting class of materials currently re-
ceiving signiﬁcant attention due to their unique chemical, electrical, op-
tical and mechanical properties that could be achieved by combining
the advantages of nanoparticles and polymer nanoﬁbres [1,2]. These
properties enable such materials to be used in a wide range of applica-
tions including biomedical, energy storage, catalysis and sensors. Prop-
erties of the hybrid nanoﬁbres not only depend on the high surface area
to volume ratio of the polymer nanoﬁbres but also the content, size and
spatial distribution of the nanoparticles [3,4].
The development of hybrid nanoﬁbres is of tremendous interest for
the biomedical research community because scaffolds prepared from
such materials resemble natural extracellular matrices with very good
mechanical strength, biocompatibility and biodegradability with re-
spect to various human cells and tissues [5,6]. Nanoﬁbrous structures
as an antimicrobial scaffold provide higher cell adhesion than other
structures [7]. They have been also used in wound dressing and healing
where these scaffolds possess more homogeneity, oxygen penetration
and prevent infections and dehydration [8]. Nylon polymer nanoﬁbreshe).
. This is an open access article underexhibit excellent mechanical properties, such as toughness, and high
tensile strength and have been adopted to make various composites
[9–11]. Ag nanoparticles show excellent antibacterial activity and have
a tolerant range of cytotoxicity, strong inhibitory and bactericidal effects
[12–14]. Ag belongs to an interesting group of antimicrobials that exhib-
it greater thermal stability and long term activity [15]. In addition, Ag
has commanded much attention among all the antimicrobials because
it not only provides intensive antimicrobial properties but also pos-
sesses acceptable cytotoxicity towards mammalian cells and tissues
[16]. It has been reported that Ag nanoparticle embedded nanoﬁbres
showed enhanced antimicrobial efﬁcacy against Gram-positive and
Gram-negative bacteria [17,18]. Thus, ZnO and Ag nanoparticles were
used for ﬁlling polymers such as polyurethane for making nanoﬁbres
which have demonstrated a high degree of antibacterial-activities [19].
Pressurised gyration is a simple and versatile mass production tech-
nique of nanoﬁbres and nanoﬁbrous structures with controllable ﬁbre
size and ﬁbre size distribution. The technique consists of a vessel con-
taining polymer solution subjected to simultaneous centrifugal force
and dynamicﬂuidﬂow in order to extrudeﬁbreswith tailoredmorphol-
ogies and functionality [20]. The nanoﬁbres produced through this tech-
nique depend on the rotating speed of the vessel, air pressure and the
concentration of polymer solution. Unlike electrospinning it is a nozzle
free method independent of the electrical conductivity and thethe CC BY license (http://creativecommons.org/licenses/by/4.0/).
196 Z. Xu et al. / Materials Science and Engineering C 56 (2015) 195–204dielectric constant of polymer solution. The process offers production of
ﬁne long continuous ﬁbres in a well oriented direction. The highly ori-
ented nanoﬁbres produced can provide mechanically stronger ﬁbres
with remarkable surface active areas [21,22].
The inﬂuence of the processing parameters such as vessel rotating
speed, air pressure and the nylon concentration in the solutions on the
ﬁbre size and the size distribution were investigated in this work. Sur-
face morphology studies and chemical analysis were carried out on
the nanoﬁbres. The antibacterial activities of nylon and Ag-loaded
nylon nanoﬁbres were studied by using Escherichia coli and Pseudomo-
nas aeruginosa tested in aerobic suspension cultures. These hybrid
nanoﬁbres could be utilised for a wide range of biological applications,
such as antibacterial wound dressing, functional scaffolds for tissue en-
gineering, and antibacterialwater and air ﬁltration devices and systems.
2. Experimental details
2.1. Materials
Nylon 6,6 (pellets, molecular weight ~ 30,000 g/mol, density
1.18 g/ml, laboratory grade), formic acid (analytical grade) and aque-
ous silver nanoparticles (particle size b 150 nm) were purchased from
Sigma-Aldrich (Poole, UK). All reagents were used without further
puriﬁcation.
2.2. Preparation of nylon and Ag-loaded nylon solutions
Nylon solutions modiﬁed with functional Ag nanoparticles were
prepared and used in conjunctionwith nylon only solutions for compar-
ison. The polymer solutions were prepared in an air-tight bottle using
formic acid as solvent to dissolve the nylon pellets under magnetic stir-
ring for ~24 h at ambient temperature (~20 °C). Four different concen-
trations of nylon (5, 10, 15, and 20%w/w)were prepared. Ag containing
nylon solutionswere prepared by adding 1wt.% of aqueous silver nano-
particle suspension to the nylon solutions. These were also prepared
using a magnetic stirrer in an air-tight bottle at the ambient tempera-
ture. Similarly, 2wt.% and 4wt.% Ag nanoparticle containing nylon solu-
tions were prepared for making nanoﬁbres and these were only tested
for Ag-ion release in aqueous solution (see Section 2.4).
2.3. Pressurised gyration
Details of the experimental set-up of the pressurised gyration pro-
cess accompanied by videos and illustrating the process in depth; in-
cluding jet initiation, instability and mass production of nanoﬁbres,
are reported in our previous work [20].
2.4. Characterisation
Solution physical properties such as surface tension and viscosity are
crucial in pressurised gyration ﬁbre forming [20]. The surface tension
and the viscosity of all the solutions were measured using a KRUSS ten-
siometer and a Brookﬁeld viscometer, respectively, at ambient temper-
ature as listed in Table 1.Table 1
Measured values of surface tension and viscosity for nylon solutions.
Nylon system solutions Surface tension (mN/m) Viscosity (mPa s)
5 wt.% nylon 38.3(±2.4) 53.5(±0.3)
10 wt.% nylon 42.7(±2.7) 236.9(±0.7)
15 wt.% nylon 52.1(±2.5) 461.1(±2.7)
20 wt.% nylon 73.5(±3.4) 2016.4(±14.6)
5 wt.% nylon + 1% Ag 38.2(±0.9) 29.8(±0.2)
10 wt.% nylon + 1% Ag 41.3(±1.2) 181.1(±2.1)
15 wt.% nylon + 1% Ag 49.7(±3.2) 245.6(±2.7)
20 wt.% nylon + 1% Ag 66.4(±5.2) 924.9(±5.0)The characteristics and the morphology of nanoﬁbres were studied
using ﬁeld emission scanning electron microscopy (FE-SEM) – energy
dispersive x-ray spectroscopy (EDX) and focussed ion beammicroscopy
(Carl Zeiss-Gemini). Nanoﬁbre samples were coated with gold using a
sputteringmachine (sputter time ~75 s) before loading in to themicro-
scopes. High and low magniﬁcation images were acquired in randomly
selected positions (N20) within a sample. The ﬁbre diameter was ob-
tained using Image J software. About 150 measurements were made
at random locations to plot the ﬁbre diameter distribution.
Raman spectra of nylon (20 wt.%) and Ag-loaded nylon samples (Ag
concentration was 1 wt.% and 4 wt.%) were obtained using a Renishaw
Raman microscope excited with 514.5 nm incident wavelength radia-
tion. The data acquisition covered the spectral range 2000–100 cm−1
with a spatial resolution of 4 cm−1.
The Ag ion release from Ag-loaded nanoﬁbrous mats obtained from
20 wt.% nylon was tested with inductively coupled plasma mass spec-
troscopy (ICP-MS, Agilent, Japan). The Ag concentration was 1 wt.%,
2 wt.% and 4 wt.% in the nanoﬁbres. The prepared samples were cut
into appropriate size and were washed in de-ionised water (30 ml)
for 24, 48 and 72 h in each case. Then they were immersed in 1 wt.% ni-
tric acid (HNO3), which was used as a stock solution. For comparative
and calibration purposes the de-ionised water and nitric acid were
screened using ICP-MS for Ag ion content. Thus, the Ag ion concentra-
tion in the releasing medium was quantiﬁed and for each case three
measurements were made.
2.5. Antibacterial testing
In order to investigate the antibacterial activities of the nylon
(20 wt.%) and Ag-loaded nanoﬁbres, antibacterial performance
tests were conducted. For this purpose, two Gram-negative bacteria,
E. coli (in house strain number 3891) and P. aeruginosa (strain 25-
09071215-05) were used. Bacterial broth suspensions were co-
cultured under aerobic conditions with the sample for set periods of
time, after which the number of viable colony-forming units (CFU) of
bacteria was obtained and then the antibacterial rate for each sample
was calculated.
Due to strong bactericidal activity of formic acid, all of the nanoﬁbre
samples for the antibacterial tests were washed with distilled water
(pH 6.5) for 96 h to remove any residual formic acid. Post-washing,
the pH value of nylon nanoﬁbres was ~6 and those of the Ag-loaded
nylon nanoﬁbres was ~5. The assay was performed using bacteria cul-
tured overnight froma single colony to stationaryphase (approximately
109 CFU/ml) in Luria-Bertani (LB) broth in a shaking aerobic incubator
at 37 °C. Next, a suspension, ~5 × 105 CFU/ml in LB, was prepared for
use as the experimental bacterial suspension working in a sterile lami-
nar ﬂow hood environment.
The same weight of nanoﬁbre samples (0.02 g) in a constant liquid
volume (0.02 ml) was placed using sterile tweezers into each well of a
24-well tissue culture plate (Corning) along with 0.5 ml of the experi-
mental bacterial suspension of either E. coli or P. aeruginosa. In these
tests, 10 samples were tested for each bacterium, 5 samples of nylon
nanoﬁbres and 5 samples of Ag-loaded nylon nanoﬁbres.Wells with ex-
perimental suspension alone containing no sample were also used as a
negative control. The plates were cultured in an aerobic shaking incuba-
tor at 37 °C for 2 h and 24 h. After co-culturing with the samples, the
bacterial suspensions were diluted (1:1, 1:10, 1:100 and 1:1000) into
sterile tubes, after which 0.02 ml each dilution was applied evenly
onto quadrants of chromogenic agar plates (chromID CPS, Biomerieux)
for enumeration using sterile L-spreaders. Chromogenic agar allows
conﬁrmation of bacterial species by colony colour. The plateswere incu-
bated overnight at 37 °C for 24 h. Finally, the number of bacteria colo-
nies (CFU) on each quadrant was counted to evaluate the effect of the
original sample on survival of the bacteria.
The antibacterial rate of a material can be determined by AR (%) =
[(N1− N2) / N1] × 100, where, AR is the antibacterial ratio (%); N1 is
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of the antibacterial nanoﬁbres [23]. Themorphological characteristics of
the bacterial cells cultured onto the nanoﬁbres were also investigated.
For this purpose, bacterial cells were co-cultured with nanoﬁbres as in
the above assay and incubated at 37 °C for 24 h. Following incubation,
nanoﬁbres were washed three times with phosphate-buffered saline
(PBS) to remove unbound and loosely adhered bacteria. Subsequently,
they were stained with 33% methylene blue in PBS solution for 10 min
and observed using a light microscope (Olympus).
3. Results and discussion
In pressurised gyration, rotating speed and working pressure of the
solution being spun can determine the morphology of the product
[24] and therefore careful selection of the operation region has to be se-
lected. The physical properties of the polymer solutions signiﬁcantly in-
ﬂuence the jet formation and ﬁbre formation during pressurised
gyration. The surface tension and viscosity of nylon solutions increased
with nylon concentration (Table 1). For 20 wt.% nylon, the surface ten-
sionwas ~74mN/mwhich is nearly double the value of 5wt.% nylon so-
lution. The viscosity of 20 wt.% nylon solution was ~2016 mPa s which
was more than an order of magnitude higher than that of the value at
10 wt.% nylon. Similarly, the surface tension and viscosity were in-
creased with the solute content in the Ag-loaded nylon suspensions. It
should be noted that, the viscosities of Ag-loaded nylon suspensions de-
creased compared to the nylon only counterparts because, as received,
Ag nanoparticles were dispersed in an organic solvent (triethyleneFi
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Fig. 1. Fibre diameter variation for 5wt.%, 10wt.%, 15wt.% and 20wt.% of nylon and nylonwith A
of 0.1 MPa. (c), (d) Varying working pressure at a ﬁxed rotating speed of 36,000 rpm.glycol monomethyl ether) and this constituent acts like a surfactant in
the Ag-nylon suspension. For a given molecular weight, the increase of
viscosity with the solute content was due to an increase of chain entan-
glement in the polymer solutionwhere the polymer chains overlap each
other to form a strong network. At the low concentration, low viscosity
was observed due to insufﬁcient chain entanglement as a result of lack
of physical interlocking of chains [25].
Fig. 1(a) and (b) shows the plots of ﬁbre diameter against the rotat-
ing speed for 10, 15 and 20 wt.% of nylon solutions with and without
1 wt.% Ag nanoparticles-dispersed in the solutions under a ﬁxed work-
ing pressure of 0.1 MPa. It is clearly demonstrated that the ﬁbre diame-
ter is signiﬁcantly reduced with an increase in rotating speed of the
vessel. For 20 wt.% nylon solution the ﬁbre diameter was reduced
from 470 nm to 303 nm when the rotating speed changed from
24,000 rpm to 36,000 rpm. Similarly, a 40% reduction of ﬁbre diameter
was observed for 15 wt.% of nylon solution, where the ﬁbre diameter
was reduced from385 nm to 231nmwhen the rotating speed increased
from 24,000 rpm to 36,000 rpm. However, the ﬁbre diameter was not
signiﬁcantly affected by the increase of rotating speed for the 10 wt.%
nylon solution. For 20 wt.% and 15 wt.% Ag-loaded nylon solutions, the
variation of rotating speed had a marked inﬂuence on ﬁbre diameter
(Fig. 1b). Here the ﬁbre diameter was reduced from 152 nm to
140 nm and 128 nm to 103 nm when the rotating speed increased
from 24,000 rpm to 36,000 rpm for 20 wt.% and 15 wt.%, respectively.
Again, for the 10 wt.% Ag-loaded nylon solution the ﬁbre diameter pro-
duced was not signiﬁcantly changed with rotating speed and the ob-
tained value was ~90 nm. This is likely to be due to low viscosity ofFi
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Fig. 2. (a)–(c) SEM images of nanoﬁbres generated with 20 wt.%, 15 wt.% and 10 wt.% nylon sol
corresponding ﬁbre diameter distributions.
Table 2
Fibre diameter variation for different conditions of pressurised gyration.
Nylon + Ag nanoparticles
loading
Average ﬁbre diameter (nm) at rotating speed
(rpm); working pressure (MPa) combinations
24,000; 0.1 36,000; 0.1 36,000; 0.2 36,000; 0.3
5 wt.% + 0 wt.% – – 65 59
10 wt.% + 0 wt.% 168 141 80 75
15 wt.% + 0 wt.% 385 231 108 96
20 wt.% + 0 wt.% 470 303 119 113
5 wt.% + 1 wt.% – – 63 57
10 wt.% + 1 wt.% 92 91 88 84
15 wt.% + 1 wt.% 128 103 97 94
20 wt.% + 1 wt.% 152 140 133 125
198 Z. Xu et al. / Materials Science and Engineering C 56 (2015) 195–204polymer/Ag-solution and rapid evaporation of solvent during the spin-
ning process. Moreover, only polymer beads were generated with the
5 wt.% nylon solution and Ag-loaded nylon solution at 0.1 MPa working
pressure and low rotating speeds.
Fig. 1(c) and (d) shows graphs of ﬁbre diameter variation with
working pressure for pressurised gyration at a ﬁxed rotating speed of
36,000 rpm for nylon and Ag-loaded nylon polymer solutions, respec-
tively. A ﬁbre diameter in the range of 59 nm to 303 nm was achieved
for the nylon samples, and this was 57 nm to 140 nm for Ag-loaded
nylon. It is clear that the increase of the working pressure dramatically
reduced the ﬁbre diameter. For 20 wt.% nylon solution the ﬁbre diame-
ter was reduced from 303 nm to 113 nm on increasing the working
pressure from 0.1 MPa to 0.3 MPa at a rotating speed of 36,000 rpm.
Similarly, the ﬁbre diameter was reduced from 231 nm to 96 nm andutions under different working pressures and maximum rotating speed (36,000 rpm) and
199Z. Xu et al. / Materials Science and Engineering C 56 (2015) 195–204141 nm to 75 nm for 15 wt.% and 10 wt.% nylon solutions, respectively.
The 5 wt.% nylon solution formed ﬁbres at higher working pressures
(0.2 MPa and 0.3 MPa) compared to lower working pressure. It is an in-
teresting observation and associated with the pressure difference at the
oriﬁce which couples with centrifugal force to initiate ﬁbre formation.
Similarly, the Ag-loaded 5wt.% nylon solutions also showed a reduction
of ﬁbre diameter with working pressure.
The change in ﬁbre diameter is inﬂuenced by the combined effects of
concentration of polymer, the rotating speed and the working pressure
and these are summarised in Table 2. Firstly, there is a deﬁnite possibil-
ity of generating a larger ﬁbre diameter at a higher polymer concentra-
tion, because a higher weight percentage of the polymer imparts higher
viscosity and a lower solvent evaporation rate to the polymer solution.
Secondly, the lack of centrifugal force and shear force at a low rotation
speed can lead to a higher time constant of forces on the polymer solu-
tion, subsequently this results in a longer viscous response of the(a)
(b)
Fig. 3. (a) FE-SEM(FIB-SEM inset)micrograph showing that theAgnanoparticles (see arrows)w
corresponding EDX analysis.polymer solution to form thicker ﬁbres. Thus, increasing the rotation
speed will reduce the polymer ﬁbre diameter. Meanwhile, at low poly-
mer concentrations, in order to form ﬁbres aminimum rotating speed is
required to ensure the critical value of viscous response is reached [20].
Hence, there are only beads formed at a low rotating speed in the low
concentration polymer solutions, but this situation can be changed by
increasing the working pressure.
SEM images for the 20 wt.%, 15 wt.% and 10 wt.% of nylon ﬁbres ob-
tained under a ﬁxed working pressure at 36,000 rpm speed and each
corresponding ﬁbre diameter distribution are shown in Fig. 2a–c. The ﬁ-
bres have straight, smooth and cylindrical morphology and they are
bead-free in all instances. Previous electrospinning work has shown
that higher viscosities favour bead free thicker ﬁbres but increased sur-
face tension encourages the formation of beaded ﬁbres [26]. The in-
crease of nylon concentration increased the viscosity of the polymer
solution rapidly and was the main parameter controlling theerepresent onnanoﬁbresmade using the 20wt.% nylon–1wt.%Ag suspension, and (b) the
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polymer solutions the polymer molecules have coil-like conformation
and can be visualised as separated spheres. However, in the concentrat-
ed regime they formmacromolecular entanglementwhich are crowded
and touch with each other [27]. Thus, the increase of the viscosity pro-
motes the occurrence of bead-free smooth ﬁbre morphologies. Fig. 3a
shows images of the Ag-loaded nylon nanoﬁbres. Ag nanoparticles are
clearly incorporated in nanoﬁbres. EDX analysis was also performed to
conﬁrm the inclusion of Ag nanoparticles (Fig. 3b). Thus, pressurised gy-
ration was successful in generating nanoparticle containing nanoﬁbres.
Fig. 4a shows the Raman spectra of 20 wt.% nylon nanoﬁbres. The
Raman bands observed at 1600 cm−1, 1436 cm−1 and 1371 cm−1 cor-
respond to Amide I (C_O), CH2 bending and CH2wagging, respectively.
CH2 twisting is shown at 1313 cm−1. The peak at 1241 cm−1 is N–H
wagging. The C–C–O stretch is identiﬁed at a peak 938 cm−1 [28].
Raman spectra for Ag-loaded nylon nanoﬁbres are shown in
Fig. 4(b) and (c). Fig. 4b represents the lower Ag concentration (i.e.
1 wt.%) and Fig. 4c denotes the higher Ag concentrations (i.e. 4 wt.%).
The Raman band for C–H andN–Hbonding is suppressedwhen the con-
centration of Ag increased in nylon nanoﬁbres. However, the Amide I
band (1600 cm−1) is clearly seen in both spectra. In the case of Ag-
loaded nanoﬁbres Raman band of Amide I was shifted to higher wave
number compared to the nylon nanoﬁbres indicating that the Ag nano-
particles are bonded to nylon. The charge transfer between the nylon
and the Ag nanoparticles are inevitable where nylon is partially positive
and Ag is partially negative. This charge transfer effect indicates that
the nylon and Ag are acting as donor and acceptor in the hybrid
nanoﬁbre system. Similar observations have been made for gold-
loaded polyaniline nanoﬁbres [29].
Fig. 5 summarises the deductionsmade from the ICP-MS study. Sam-
ples 1 and 2 show that there are no Ag ions to begin with in the stock
solution, nitric acid, and in the de-ionised water, respectively. Samples0 500 1000 1500 2000
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Fig. 4. Raman spectra (baseline corrected) for nanoﬁbres (a) nylon (20 wt.%) (b) 1 wt.% of3, 4 and 5 represent the 1 wt.% Ag-loaded nylon nanoﬁbres (20 wt.%)
after undergoing 24, 48 and 72 h of washing, respectively. As expected,
Ag ion concentration in the solution reduces after each washing cycle.
The rate of Ag ion release after the ﬁrst washing cycle is less compared
to the second. This is also true for samples 6, 7 and 8 which are for
2 wt.% Ag-loaded nylon. Although samples 9, 10 and 11 (which are for
4 wt.% Ag-loaded nylon nanoﬁbres) show a reduction in Ag ion concen-
tration, the rate of ion release for consecutive washing cycles does not
showa signiﬁcant variation. These results showa similar trend to the re-
sults obtainedwithAg ion release frompolyamide 66 compositeswhere
faster release is observed in the initial period and subsequently the re-
lease abruptly slows down [30]. It is also clearly seen that the Ag ion
concentration in the solution is higher after each cycle of wash for
4 wt.% Ag-loaded samples compared to the others. Sample 12 is for
nylon nanoﬁbres without any silver nanoparticles where no Ag ions
are detected after a 72 h wash cycle. Effective antibacterial properties
require a concentration level as low as 0.1 ppb and therefore the release
of Ag ion from the hybrid system is sufﬁcient even after a 72 h of wash-
ing [31].
The Ag ion release to an aqueous medium consists of three distinct
steps. Initially, water molecules diffuse into the hybrid sample, then
they will react with the Ag nanoparticles that eventually results in the
formation and release of the Ag ions to an aqueous environment. The
crystallinity and polarity of the matrix material inﬂuence the Ag ion re-
lease to an aqueous medium. These properties determine the level of
diffusion barrier to water molecules and Ag ion release during mass
transfer. The release characteristics of Ag ion in polypropylene were
found to be inﬂuenced by crystallinity and water absorption potential
of the polypropylene matrix [32]. Soaking time, concentration of silver
powder, and silver speciﬁc surface area were identiﬁed as controlling
factors in Ag ion release in polyamide [33]. A polyamide matrix has
shown greater release potential than a polypropylene matrix due to0 500 1000 1500 2000
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Fig. 5. Ag ion concentration in the nylon nanoﬁbre mats (20 wt.% nylon) after 24, 48 and 72 h washing. Sample numbers are shown in brackets.
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also inﬂuenced by the dissolution and swelling behaviour of the matrix
polymer [34].
The rate of Ag ion release can include two mechanisms. Initially, Ag
ions are released from the nanoparticles embedded in the surface of the
nylon matrix. Secondly, when the washing or soaking time increases,
the oxidation of interior Ag nanoparticles happens and subsequently
Ag ion release can take place. The former is instantaneous and the latter
occurswith prolonged timewherewatermolecules have time to diffuse
acrossmany crystalline layers [35]. The onset of plasticisation and equi-
librium sorption would impart a degree of mobility to themacromolec-
ular chains and changes in the matrix region, and in this way Ag
nanoparticles embeddedwithin thematrix can get oxidised and release
Ag ions over a prolonged time. In addition, polar groups in the nylon
chains will be separated and induce water dipole interaction. This will
provide a more ﬂexible structure for Ag ion release [35]. It is also note-
worthy that the thickness of the polymer matrix barrier decreases the
Ag ion release and the barrier height and the hydrophobicity of the
polymer matrix inﬂuence water uptake and the diffusivity of the mole-
cules to the medium [36]. Moreover, mobility and the solubility of the
water molecules in the polymer have to be taken into account duringFig. 6. Antibacterial rates of (a) E. coli at two timeAg ion release. Thus, for samples with a thicker barrier thewater uptake
is not sufﬁcient to cause a high Ag ion release rate compared to samples
with a thinner barrier height [37]. This shows that as the diameter of
nanoﬁbres changes in the chosen tested samples the Ag ion release
rate also tends to change. This can promote an increase in the Ag ion re-
lease rate due to the barrier becoming thinner allowing easier penetra-
tion of (OH) molecules in exchange with Ag ions.
Antibacterial properties of the nanoﬁbre samples were evaluated on
Gram-negative E. coli and P. aeruginosa microorganisms. Five 20 wt.%
nylon nanoﬁbres, ﬁve 1 wt.% Ag-loaded 20 wt.% nylon nanoﬁbres and
two control groups were investigated with E. coli and P. aeruginosa, re-
spectively. Fig. 6 shows the plots of antibacterial rate for E. coli and
P. aeruginosamicroorganisms after 2 h and 24 h. As the contact time in-
creased the percentage of bacterial colonies reduced and plateaued for
nylon nanoﬁbres and Ag-loaded nylon nanoﬁbres. The percentage re-
duction was higher for Ag-loaded nylon nanoﬁbres than for the nylon
nanoﬁbres. There was no signiﬁcant difference observed in percentage
reduction after 2 h for Ag-loaded nylon nanoﬁbres. However, nylon
nanoﬁbres showed reduced antibacterial activity after 2 h for both
E. coli and P. aeruginosamicroorganisms. Fig. 7 shows the bacterial cell
proliferation and spreading after each of the time points for nylonpoints; (b) P. aeruginosa at two time points.
(c)
(b)(a)
(d)
Bacterial colonies
Bacterial colonies
Bacterial colonies
Fig. 7.Optical micrographs showing E. coli bacterial cells cultured in LBmedia (a) glass slide (control); (b) nylon nanoﬁbres after 2 h; (c) nylon nanoﬁbres after 24 h; (d) Ag-loaded nylon
nanoﬁbres after 2 h.
202 Z. Xu et al. / Materials Science and Engineering C 56 (2015) 195–204nanoﬁbres and Ag-loaded nylon nanoﬁbres. The nylon nanoﬁbres
contained a denser cell population than the glass slide and the Ag-
loaded nylon nanoﬁbres.
The mechanisms underlying the antibacterial activity of silver are
not fully understood. Even though there are many reports proposing
different mechanisms, there is no consensus. In the presence of Gram-
negative bacteria, Ag nanoparticles attach to the cell walls and disturb
cell wall permeability and cell respiration [34,38]. Other studies have
shown that interaction between the Ag ions and the constituents of
the bacterial membrane causes structural changes and damage in the
cell membranes accompanied by intracellular metabolic activity, thus
causing cell death [39]. The concentration of Ag nanoparticles and the
formation of “pits” have also been proposed as the reason for the anti-
bacterial activity, where the accumulation of Ag nanoparticles in the
membrane caused permeability and the cell death [40,41]. Cell death
was shown not to be caused directly by Ag nanoparticles but instead
by Ag ion release from the Ag nanoparticles [42]. However, the fraction
of metal that is bioavailable (that is, the actual amount which have en-
tered into the cells) is the most important parameter, compared with
percent dissolution of Ag nanoparticles that determines the efﬁciency
of cell death [43]. The stronger electron storage capability of larger Ag
nanoparticles is also found to impart excellent antibacterial activity [44].
The formation of free radicals inﬂuences cell lysis when the Ag nanopar-
ticles are in contact with the bacteria. The free radicals have the ability
to destroy the cell membrane and make porous surfaces which lead to
cell death [45]. In addition, Ag ions released from the silver nanoparti-
cles can react with the thiol groups of vital enzymes in the bacteria
and inactivate them [46]. Such studies have also shown that the soft
acidic formof Ag ionsmay reactwith soft bases in the cells such as sulfur
and phosphorous which can cause cell death. DNA, for example, con-
tains sulfur and phosphorous; when they react with Ag they become
damaged ultimately leading to cell death [47]. Thus, although the
exact mechanism responsible for antibacterial activity is to be resolved,
and may be multifactorial, it is very clear that Ag-loaded nanoﬁbresresulted in higher antibacterial activity than the virgin nylon nanoﬁbres
and the control groups, and that therefore, Ag contributed to cell death
in E. coli and P. aeruginosa. As shown in the Ag ion release studies (ICP-
MS), initially Ag nanoparticles in the matrix of the nylon have a signiﬁ-
cant effect on the antibacterial activity, and with increasing time, the
nanoparticles embedded in the nylon will cause cell death.
4. Conclusions
Nylon and Ag-loaded nylon nanoﬁbres were fabricated using a
pressurised gyration process which has not been used before to fabri-
cate antibacterial ﬁbre mats. The process makes use of simultaneous
centrifugal force and ﬂuid ﬂow blowing and evaporation to form the ﬁ-
bres. The ﬁbre diameter generated was in the range of 50–500 nm. Key
parameters such as vessel rotating speed, working pressure and poly-
mer concentration had a signiﬁcant effect on nanoﬁbre diameter and
morphology. The ﬁbre diameter increased when increasing weight per-
centage of polymer, reduced with increasing vessel rotating speed and
the process working pressure. Effective and proper incorporation of Ag
nanoparticles into the nylon nanoﬁbreswas conﬁrmed by advancedmi-
croscopy. The Raman spectra elucidated the bonding characteristics of
nylon and the Ag nanoparticles. Ag ion release after repeated washing
of the nanoﬁbrous mats was detected by inductively coupled plasma
mass spectroscopy which showed the Ag ion existence and concentra-
tion in the initial nanoﬁbrous mats which inﬂuences the Ag ion release
proﬁle. A strong antibacterial-activity of Ag-loaded nylon was clearly
demonstrated with bacterial killing rates reaching ~100% for Gram-
negative E. coli and P. aeruginosamicroorganisms.
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